Metformin is the most commonly prescribed drug for type 2 diabetes mellitus as it is inexpensive, safe, and efficient in ameliorating hyperglycemia and hyperinsulinemia. Epidemiological and clinical observation studies have shown that metformin use reduces risk of cancer in patients with type 2 diabetes mellitus and improves prognosis and survival rate of the cancer patients. Furthermore, ongoing clinical trials of metformin in cancer therapy are extending to nondiabetic population. Thus, metformin is emerging as an attractive candidate for cancer prevention and treatment. This review summarizes recent progress in studies of metformin use in cancer and discusses the possibility to enhance its efficacy and to prevent cancer metastasis. to its indication. Currently, more than 190 clinical trials are ongoing in various cancers and even extending to nondiabetic cancers. Outcomes of these trials would hopefully bring a new era to cancer prevention and therapy. We are enthusiastically looking to the day to use metformin as a nonprescribed drug in cancer prevention.
M etformin is an antihyperglycemia drug and insulin sensitizer that improves insulin resistance and decreases fasting plasma insulin levels. 1 Metformin also inhibits lipogenesis and mitigates hyperlipidemia, reduces cellular levels of reactive oxygen species, and down-regulates proinflammatory cytokines. Dysregulation of these processes constitutes a risk factor of cancer. 2 Thus, metformin is also a promising drug candidate for malignancy.
Cancer can be regarded as a metabolic disease. 3 In 1920s, Warburg described that cancer cells utilize glycolysis as the major energy-producing mechanism for their survival even in the presence of oxygen, which is called aerobic glycolysis, also Warburg effect. 4 This phenomenon of cancer cells is attributed to increased activity and expression of hypoxia-inducing factor 1α, resulting in up-regulation of glucose transporter 1 and changes in enzymes for glycolysis and oxidative phoshorylation. 5 In addition, other alterations in metabolism are often associated with cancer; for instance, de novo synthesis of fatty acid is frequently found to be increased where enzymes such as fatty acid synthase (FASN) are up-regulated, and protein synthesis is enhanced because of oncogenic activation of the mTOR pathway. 2, 6 Since a retrospective investigation in 2005 reporting that patients with type 2 diabetes mellitus (T2DM) receiving metformin displayed a significant decrease in cancer incidence than did those taking other glucoselowering drugs, the number of epidemiological and experimental studies is rapidly increased on the effect of metformin as well as phenformin in prevention and treatment of primary and metastatic cancer. 7 Therefore, in light of many excellent reviews on the topic of metformin and cancer, we wish to summarize recent progress in this area and focus on types of cancer and time window suitable for the use of metformin.
Association Between Diabetes Mellitus and Cancer
Diabetes can be complicated with cancer. The association between diabetes and cancer was first described 80 years ago by a Joslin clinician, who identified 256 cases of cancer in approximately 10,000 patients with diabetes. 8 This was later confirmed by a large body of epidemiological studies, and now it is recognized that risk increases in diabetes, with the highest for liver, pancreas, and endometrial cancer (~2-fold) and the secondary for colorectal, breast2-and bladder cancer (1.2-to 1.5-fold). 8, 9 No association between diabetes and lung cancer and an inverse association with prostate cancer were found. 8, 10 Metformin Use and Cancer
Action of Metformin in Diabetes Mellitus
Metformin, along with phenformin and buformin, belongs to biguanide family that is an active component in French lilac or Galega officinalis, oral hypoglycemic chemicals. 11 These plants were first used for the relief of polyuria, a symptom of diabetes, in ancient Egypt and medieval Europe. The compounds were developed as therapeutic drugs for the management of diabetes in European countries in the 1950s. However, because of the toxicity of lactic acidosis caused by phenformin and buformin, only metformin was approved for the treatment of diabetes in Europe in 1958 and then in the United States in 1995.
Two mechanisms may account for the action of metformin. Firstly, metformin inhibits complex I of the mitochondrial respiratory chain, leading to blockade of oxidative phosphorylation and consequently an increase in adenosine monophosphate (AMP) or the ratio of AMP to ATP. 12, 13 Increased AMP acts as an allosteric regulator for several enzymes including fructose 1, 6-bisphoshatase, adenylate cyclase, and AMP-activated protein kinase (AMPK), funneling to inhibition of gluconeogenesis in the liver, which serves as the primary target organ. 1 Secondly, Foretz et al 14 have reported that metformin inhibits hepatic gluconeogenesis independent of AMPK. Likewise, recent studies by Madiraju et al 15 have shown that metformin inhibits mitochondrial glycerophosphate dehydrogenase, resulting in alteration of cellular redox state, reduced conversion of lactate and glycerol to glucose, and thus decreased hepatic gluconeogenesis. The inhibition occurs at micromolar concentrations of metformin while the concentrations required for inhibition of complex I exceed 1 mM, which are supra-pharmacological levels.
Prevention of Cancer by Metformin
In early 1980s, Dilman et al 16, 17 gave phenformin to patients with breast and colon cancer to correct dysregulated metabolism, so as to achieve "metabolic rehabilitation." They found that both primary and metastatic tumors were suppressed. Likewise, in animal model, phenformin reduces DMBA-induced tumor by 80%, and chronic treatment of female transgenic HER-2/neu mice significantly inhibits tumorigenesis of mammary gland and delays onset of the tumors. 18, 19 During the last decade, numerous epidemiological studies have been published with regard to the preventive and therapeutic effects of metformin on various cancers. The first was a casecontrol study that retrospectively reviewed the clinical records from 923 T2DM patients in the United Kingdom and found a 23% reduction in the risk of developing cancer. 7 Since then, many studies further looked into the association between metformin use and the risk of site-specific cancers. 8, 20, 21 For instance, a metaanalysis using 18 observational studies and 561,836 patients revealed that metformin use was associated with overall 27% reduction in the risk of developing all types of cancer. 22 Strong associations between metformin use and reduced risk were found in cancers from liver, colorectal, pancreatic, stomach, and esophageal cancers, whereas no consistent results were found on cancers from breast, prostate, and lung. 22, 23 
Treatment of Cancer With Metformin
The conclusions on the associations between metformin use and reduction of cancer risk are obtained mostly from T2DM patients. Furthermore, for cancer of which the risk is reduced, metformin also improves overall survival in patients, suggesting that metformin exerts a therapeutic effect. 20, 21 It was observed that the use of metformin as a neoadjuvant increased pathological complete response rates in breast cancer patients with diabetes, compared with either diabetic patients without metformin or nondiabetic patients (24% vs 8% vs 16%), although no significant survival was improved. 24 A smaller study on triple-negative breast cancer patients with diabetes exposed to metformin showed no significant improvement of overall survival, but a nonsignificant trend toward a lower risk of distant metastasis. 25 Another study recruiting 1031 cases with T2DM and breast cancer reported that metformin treatment significantly improved 5-year survival rate. 26 Diabetic patients with liver cancer receiving metformin displayed significantly improved prognosis and reduction in mortality. 27, 28 In addition, metformin treatment of T2DM has shown improvement of prognosis and overall survival or reduction in mortality of other cancers such as pancreatic cancer, colorectal cancer, ovarian cancer, prostate cancer, esophageal adenocarcinoma, and non-small cell lung cancer (NSCLC). 20 To be noteworthy, controversial results were obtained with NSCLC. While longer progression-free survival was associated with metformin use in NSCLC patients with T2DM in some studies, poorer overall survival and metastatic cancer or no chemopreventive effect was observed in other studies. [29] [30] [31] [32] Reasons accounting for the discrepancy of these epidemiological studies are not clear but may reflect differences in methods used and multivariate settings.
Because metformin is still a prescribed drug that is mostly limited on the market to the use of diabetes, insulin resistance, and obesity, its effect on cancer in nondiabetic population remains largely unknown. It was reported that metformin reduced fasting insulin, improved some metabolic parameters, decreased the number of Ki67-positive cells, and altered gene expression of molecules in mTOR and AMPK pathways in nondiabetic women with breast cancer. 33, 34 A randomized study showed that metformin in a small dose (250 mg/d) reduced colorectal aberrant crypt foci, a surrogate marker for colorectal cancer, by 40% in nondiabetic patients. 35 A recent phase II clinical trial using metformin in combination with 5-fluorouracil (5-FU) in the treatment of colorectal cancer showed a promising outcome in terms of disease stabilization. 21 The definitive effect of metformin on nondiabetic cancer will await more clinical trial data.
Limitations and Indications of Metformin Use in Cancer

Dose
For diabetes-associated cancer, metformin prosecutes anticancer function via a systemic but indirect effect, which is mediated by improving hyperglycemia and hyperinsulinemia ( Fig. 1) . Metformin also directly acts on cancer cells by inhibiting growth-promoting factors such as mTOR, SREBP-1, and FASN or activating some tumor suppressors. 2 This direct effect occurs through both AMPK-dependent and independent mechanisms. 1, 36, 37 Thus far, the majority of information on the direct effect of metformin is obtained from in vitro studies where the concentration usually falls within the range of 5 to 10 mM. This is much greater than the steady-state levels in plasma of patients with T2DM, which is around 10 μM and can reach as high as 40 μM when standard prescribed doses are given. 12 In vitro studies have shown that metformin at such low concentrations is not sufficient to cause AMPK activation, although metabolic changes can be elicited. 38 Then, it is a question as to whether such plasma concentrations can efficiently inhibit malignant growth of cancer cells in humans given the inhibitory effect of metformin is mediated by AMPK activation. In this scenario, addition of other activators with different mechanisms may circumvent the limitation of low doses; for example, salicylate binds to a site different from AMP and directly activates AMPK. [39] [40] [41] Combined use of metformin and salicylate may generate a synergistic effect. Other pharmacological agents that could be used together with metformin include resveratrol, berberine, statin, sorafinib, and so on. 39, 42, 43 Sites According to studies in mice, administration of metformin at 50 mg/kg per day results in maximal concentration of 50 to 60 μM in hepatic portal vein. 44 The greatest accumulation occurs in the small intestine and secondly in the stomach, colon, kidney, and liver (>2-fold). Thus, it appears that metformin is accumulated in the digestive and secretion organs, suggesting tumor originated from these sites could be the first target for orally administered metformin. It will be of interest to determine differences in response of these and other relatively deep and distant sites to metformin.
Genetic Determinants for Metformin Sensitivity
Previous studies have illustrated that cancer cells lacking functional LKB1 or p53 are more sensitive to metabolic catastrophe (cytotoxic effect) caused by glucose deprivation or phenformin/ metformin. 45, 46 A recent study by Sabatini's laboratory has depicted that the sensitivity to glucose restriction or biguanides correlates to the capacity of oxidative phosphorylation. 47 Thus, they constructed a short-hairpin RNA library to identify glucose utilization gene signature. Their results have revealed that genes conferring the sensitivity to low glucose or phenformin are those for oxidative phosphorylation, and mutations in complex I render cancer cells more sensitive to low glucose or phenformin. Hence, the glucose utilization gene signature and mutations in mtDNAencoded complex I subunits may serve as biomarkers for identifying tumors that are particularly sensitive to biguanides. Such tumors are not negligible as the prevalence of truncating mutations in mtDNA-encoded oxidative phosphorylation components is reported to be as high as 16%. 48 
Targeting EMT/Cancer Stem Cells
Cancer stem cells (CSCs) that are present in small number within the tumor mass confer chemotherapeutic resistance and are able to regenerate different types of cells, thereby causing relapse of the disease. A landmark publication by Hirsch et al 49 has reported that CSCs are especially sensitive to metformin. In their hands, metformin at low doses (100-300 μM) selectively killed CSCs, whereas these doses failed to affect nonstem cancer cells. Recent studies have shown that metformin/AMPK inhibits epithelial-to-mesenchymal transition (EMT) via multiple mechanisms including acting on Wnt/transforming growth factor β/ hedgehog/interleukin 6 signaling as well as miRNAs. [50] [51] [52] [53] As EMT plays a critical role in transition of CSCs and metastasis,
The Cancer Journal • Volume 21, Number 2, March/April 2015 Metformin, an Old Drug, Brings a New Era to Cancer Therapy these studies point that combination of metformin with conventional chemotherapeutic agents will enhance the efficacy of chemotherapy and prevent relapse and progression of cancer. This may be especially important under the circumstances where tumor is resected and no obvious metastatic indication is detected. In clinical practice, the chance of metastasis is not infrequent in the case that metastasis is not found in local lymph nodes, as tiny amount of circulating tumor cells with self-renewal properties may cause lethal metastatic disease later. At this situation, it is usually hard to judge if preventive chemotherapy is necessary. Hence, it would be wise to use no overt toxic metformin for the preventive treatment after surgical resection even in the absence of detectable metastasis.
SUMMARY
Metformin is the most prescribed, inexpensive, and safe antidiabetic drug. It is now found to reduce the risk of many cancers in patients with T2DM and improve their prognosis and survival rate. The anticancer effect of metformin can be both systemic (i.e., in diabetes-associated cancer by improving hyperglycemia, hyperlipidemia, and hyperinsulinemia) and direct or local (e.g., cytostatic or cytotoxic) (Fig. 2) . Combination of metformin with other nonprescribed drugs that can activate AMPK could be a safe and inexpensive approach to increase the efficiency. Furthermore, recent findings that metformin and AMPK suppress CSCs/EMT could ignite the use of metformin in prevention of metastasis prior Action of metformin on cancer. Two mechanisms are involved. First, in diabetes-associated cancer, metformin systemically ameliorates hyperinsulinemia, hypoglycemia, and hyperlipidemia, which are promoting factors not only for initiation of cancer, but also for progression of cancer. Second, at cellular levels, metformin activates AMPK, an immediate downstream effector of the tumor suppressor LKB1. Metformin inhibits the mTOR pathway through both AMPK-dependent and independent mechanisms. AMPK can also inhibit SREBP-1 by regulating its expression and phosphorylation, leading to down-regulation of FASN and acetyl-CoA carboxylase (ACC). In addition, AMPK directly phosphorylates and inhibits ACC. In summary, metformin suppresses de novo syntheses of fatty acids and protein synthesis in cancer cells.
